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As the use of second-generation biofuel crops increases, so do questions about sustainability, particularly
their potential to affect fossil energy consumption and greenhouse gas emissions. This study used a life-
cycle approach to compare environmental impacts associated with three switchgrass (Panicum virgatum
L.) production scenarios: i) regional production from a pool of Tennessee farmers based on in-ﬁeld inputs
and biomass yield; ii) varying nitrogen (N)-input levels from a replicated ﬁeld study for 8-yrs i.e., a 100%
and 9% decrease, and an 81% and 172% increase from 'baseline levels' of N inputs used under objective i;
and, iii) a legume-intercrop system compared to baseline levels in order to determine effects of dis-
placing synthetic-N with legumes. When compared across all agricultural inputs, nitrogen fertilizer
production and breakdown resulted in the greatest environmental impacts. Although fertilization
increased lignocellulosic yields, a 100% reduction in N-inputs from baseline levels reduced the formation
of carbon, methane, and nitrous oxides per unit of production, (or dry tonne of biomass over 10-yrs)
compared to a 172% increase. Switchgrass yield response indicated a 'less is more' scenario, as inputs
beyond the current recommended input level (67 kg N ha1) are not environmentally remunerating.
During switchgrass biomass production, inputs with lesser impacts included phosphorus, herbicides,
pesticides, and diesel fuel. Legume-intercropping reduced greenhouse gas emissions and groundwater
acidiﬁcation (5% and 27% reduction in global warming potential and formation of acidifying species,
respectively) compared with the 67 kg N ha1rate. Although N-fertilizers impact environmental sus-
tainability of regional switchgrass feedstock production, environmental consequences can be reduced
under proper N-management i.e., 67 kg N ha1 or legume intercropping. However, given that the aim of
second-generation feedstocks is to reduce the current reliance on fossil fuels, their production still re-
quires fossil energy-based inputs. Consequently, greenhouse gas reductions and the extent of cleaner
feedstock production during the agricultural biofuel supply chain is contingent upon input management
and optimizing synthetic fertilizer usage.
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).al warming potential; GHG,
: þ1 865 974 4714.
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r Ltd. This is an open access article1. Introduction
There are growing concerns about the environmental sustain-
ability of feedstocks, speciﬁcally input requirements and their
relationship to the amount and value of the outputs. One tool for
evaluating system environmental sustainability is life-cycle
assessment (LCA), which measures inputs to and emissions from
production life cycles (Cherubini and Jungmeier, 2010). In addition,under the CC BY license (http://creativecommons.org/licenses/by/3.0/).
1 http://www.tennessee.edu/media/kits/bioreﬁnery/docs/utbis_overview.pdf.
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may be converted to perennial grass feedstocks (McLaughlin et al.,
2002), thereby making regionally-speciﬁc environmental sustain-
ability measurements, such as LCA, critical before large-scale
adoption of a second-generation feedstock.
Life-cycle assessments include life cycle inventories and life
cycle impact assessments (ISO, 2006). Life-cycle inventory (LCI) is
an accounting of the energy and raw material inputs, as well as
emissions to air, water, and soil (ISO, 2006). The life cycle impact
assessment (LCIA) process characterizes and calculates the effects
of emissions identiﬁed in the LCI into generalized impact cate-
gories. Impact categories at the midpoint level characterize impacts
using indicators located along (but before the end of) the mecha-
nism chain [e.g., parameter in a cause-effect network between the
inventory data and the category endpoints (Bare et al., 2000; ISO,
2006)]. Examples of midpoint impact categories that are
commonly used are global warming potential (GWP), photochem-
ical ozone creation potential [POCP (i.e., smog)], acidification,
eutrophication, and ozone depletion (NREL, 2011). Impacts of
various production scenarios can be compared and thus LCA can be
used to identify options that reduce a system's environmental
impacts.
The majority of biofuel-focused LCAs have found a signiﬁcant
reduction in greenhouse gas (GHG) emissions from second-
generation feedstocks, such as switchgrass, when compared with
their conventional fossil fuel or ﬁrst-generation counterparts [i.e.,
corn-(Zea mays L.)-ethanol] (Blottnitz and Curran, 2007; Cherubini
and Jungmeier, 2010; Kim and Dale, 2005). The Brazilian paradigm
for ethanol production [i.e. fermentation of sugarcane (Saccharurn
ofﬁcinarum L.)] is reportedly the highest performing ﬁrst-
generation biofuel crop in terms of environmental sustainability,
and may exceed that of some second-generation feedstocks
(Kendall and Yuan, 2013). However, composited, peer-reviewed
LCAs determined that among all fuel pathways expected to
contribute substantially to the U.S's renewable fuel portfolio,
switchgrass-ethanol offered the greatest reduction in GHG emis-
sions when compared to other fuel pathways [i.e., corn-ethanol,
soy-(Glycine max L.) based biodiesel, waste/grease biodiesel, and
sugarcane -ethanol] (Adler et al., 2007; EPA, 2009). In these ana-
lyses, switchgrass-ethanol resulted in a 124% and 128% reduction in
GHG emissions (compared to a gasoline baseline) under two sce-
narios: 30 year, 0% Discount Rate (i.e., values all emission impacts
equally, regardless of time of emission impact); and 100 year, 2%
Discount Rate (discounts future emissions annually at 2%),
respectively (EPA, 2009).
Net energy analyses have been used to evaluate fossil fuel and
cellulosic biofuel-energy efﬁciencies. Reed et al. (2012) constructed
an LCI of switchgrass fuel pellets based on surveys of switchgrass
farmers and wood pellet producers in the southeastern U.S. and
concluded that energy produced in switchgrass pellets was ﬁve
times greater than the total fossil energy consumed to create them.
Schmer et al. (2008) reported that switchgrass biomass yields
ranging from 5.2 to 11.1 Mg ha1 resulted in an average estimated
net energy yield (NEY; or energy output ha1 minus fossil energy
input ha1) of 60 GJ ha1 yr1 or 6.4 times more renewable energy
than the non-renewable energy consumed. This study, as well as
previous models [e.g., Greenhouse Gases, Regulated Emissions, and
Energy Use in Transportation Model (GREET) and the Energy and
Resources Group (ERG) Biofuel Analysis Meta-Model (EBAMM)],
assume a linear response of switchgrass yields to agricultural in-
puts. However, the majority of long-term ﬁeld research indicates
yield response reaches an asymptote before 134 kg nitrogen (N)
ha1, with an inﬂection point being reached at 67 kg ha1 (Mooney
et al., 2009). Other studies have reported negative energy balances
for switchgrass-based ethanol under assumptions of high levels ofinputs (Pimentel et al., 2008); however, such assumptions are made
without regionally measured plant-response values. Data are
lacking that document speciﬁc environmental impacts from
regional on-farm switchgrass production, especially impacts
resulting from fertilization. Therefore, by evaluating impacts from
varying fertilizer levels, the feasibility of environmentally sustain-
able feedstock production may be elucidated.
Production of second-generation biofuels may still result in
acidiﬁcation and ozone depletion due to use of synthetic fertilizers
(compounds based on N and P) and pesticides (Larson, 2005; Zah
et al., 2007). Nitrogen is an essential macronutrient in cropping
systems but N emissions from its breakdown and production (e.g.
nitrous oxide) are assumedly major contributors to GWP, acidiﬁ-
cation, and eutrophication in LCA simulations. Therefore, a positive
result in one part of the cropping life cycle (i.e., increased crop
yield) may be associated with a negative result (i.e. increased
acidiﬁcation) in another. However, there is a range of differences in
production patterns and systems, as well as cultural practices,
which makes regional and processing differences great (Ruviaro
et al., 2012). Furthermore, the majority of LCAs conducted have
been based on national or state-wide systems rather than on
regional primary (enterprise-level) production data. Such region-
ally parameterized analyses of feedstock production are needed in
order to more accurately model impacts of regional bioethanol
production systems, albeit such speciﬁcity may preclude wide-
scale assertions and recommendations.
A joint venture between the University of Tennessee, and
DuPont Danisco Cellulosic Ethanol [i.e., University of Tennessee
Biofuels Initiative (UTBI1)] established the nation's ﬁrst pilot-scale,
demonstration cellulosic bioreﬁnery for the conversion of switch-
grass to ethanol. This bioreﬁnery, located in Vonore, Tennessee
could require up to 154 tonnes of switchgrass per day and produce
19 million liters of ethanol per year (DOE, 2007). Since 2010,
approximately 2100 ha of switchgrass have been planted, all of
which are located within 80 km of the Vonore plant, making this
the nation's ﬁrst and largest switchgrass cellulosic ethanol venture.
The study reported herein used: i) farm production-level ﬁeld data
from the UTBI project for modeling energetic efﬁciencies of
switchgrass production, ii) an 8-yr, four sites ﬁeld-study of four
different N-fertilization rates on switchgrass biomass yield for a
sensitivity analysis, and iii) a 4-yr replicated ﬁeld study of inter-
cropping legumes with switchgrass for biomass production as a
replacement for the ‘baseline N fertilization rate’ used in objective i.
Speciﬁcally, study objectives were to: i) identify the potential
environmental impacts associated with farm-derived regional
switchgrass production based on in-ﬁeld agricultural input levels
and biomass tonnage from a regional pool of farmers with the UTBI;
ii) quantify environmental impacts as a function of decreasing or
increasing N input levels. [i.e., a 100% and 9% decrease, and a 81%
and 172% increase] compared to the baseline level of N input under
objective i; and, iii) compare legume-intercrop systems to baseline
results in order to determine the effects of displacing synthetic-N
with intercropped legumes that host N-ﬁxation.2. Methods
This study applied LCA principles to evaluate environmental
impacts of switchgrass grown under various scenarios. Cradle-to-
gate LCI was developed (Reed, 2012) and LCIA used to compare
production scenarios. This report is not however intended to pre-
sent a complete LCA in full compliance with the ISO standards.
A.J. Ashworth et al. / Journal of Cleaner Production 87 (2015) 227e234 229The agricultural production processes for both conventional and
intercrop systems (Fig. 1, A1) include the basic ﬂows and inputs in
this analysis of farm-level switchgrass feedstock production. The
‘baseline switchgrass production system’ (A1) consists of the
boundary assumed under objectives i and ii. The second production
process is listed as ‘legume-intercrop production system’ in Fig. 1
(A1). The industrial conversion and processing system (A2) were
outside the model boundary.
Assumptions for basic ﬂow processes (depicted in Fig. 1)
assumed that during harvesting, biomass is cut and ﬁeld cured
(<20% moisture). Drying beyond this point is considered an exter-
nality in this cradle to farm-gate LCA, as scenarios would likely not
vary. Furthermore, this study did not consider storage facility or
machinery construction. Soil carbon ﬂuxes for all scenarios were
also considered outside the system boundary. Finally, as fertiliza-
tion increases both yields and impacts, the net impact per unit, or
functional unit, allows for standardization. Therefore, this LCIA
used 1 tonne (or 1 Mg) of dry weight switchgrass biomass as the
functional unit (and is the standard unit in commerce).
Life cycle impact assessment was conducted using the Tool for
the Reduction and Assessment of Chemical and other environ-
mental Impacts (TRACI 2.0) model to determine midpoint in-
dicators (Bare et al., 2003; USDA, 2013). TRACI is an LCIA program
developed by the U.S. Environmental Protection Agency (EPA)
speciﬁcally for the U.S. that uses input parameters for nine regions
in the U.S. (Bare et al., 2003; EPA, 2002). All mid-point impact
categories were included that were provided and supported by
TRACI and SimaPro LCA software. Speciﬁcally, the environmental
mid-point impact categories of global warming potential (kg CO2-
eq), acidiﬁcation potential (Hþmoles-equivalent per kg of emission
deposited), carcinogens (kg benzene-eq.), non-carcinogens (kg
toluene-eq.), respiratory effects [particulate matter (PM 2.5-eq)],Fig. 1. Life cycle analysis system boundary, including both the agricultural produeutrophication potential (kg N-eq.), ozone depletion [chloroﬂuo-
rocarbons (kg CFC-11-eq.)], ecotoxicity (2, 4-D-eq.), POCP (kg NOx-
eq.), and GWP (kg CO2-eq) were examined in this study. A range of
environmental parameters were analyzed and described below.
Eutrophication characterization factors take into account the
potential release of chemicals containing N or P into air or water per
kilogram of chemical released, relative to 1 kg chemical discharged
directly to surface freshwater (Bare et al., 2003). Acidiﬁcation aims
to predict impacts resulting from excess Hþ ions in soil and water
systems based on deposition in watersheds (Bare et al., 2003). The
POCP midpoint category characterizes formation of ozone mole-
cules in the troposphere and their resulting impacts on ecosystem
and human health. An additional impact category reported is ozone
depletion, which is the reduction of protective ozone in the
stratosphere, generally caused by ozone reducing pollutants (e.g.,
CFCs, and halons); such reductions may result in greater ultraviolet
radiation reaching earth's surface (Bare et al., 2003). In addition,
GWP was examined or the potential change in earth's climate from
a buildup of greenhouse gasses based on the gas heat retention
capacity. In this study, the 100-year time horizon was used rather
than GWP 500, which gives greater weight to longer-lived gases, as
recommended by the Intergovernmental Panel on Climate Change
(IPCC) and used by the U.S. EPA for policy-making.
2.1. Regional baseline switchgrass production scenario
Localized preliminary life cycle inventory (LCI) data were based
on research from the UTBI (Reed, 2012). The LCI in-ﬁeld data were
derived from a survey sent to 61 participating producers (19%
response rate or 12 respondents) in the southeastern region of
Tennessee and provided input [e.g. diesel fuel (to operate ma-
chinery used during life cycle), seed, herbicide, fertilizer, etc.], andction (A1) phases and the industrial conversion and processing (A2) steps.
Table 2
Measured annual switchgrass dry matter yield (±standard error) for sensitivity
analyses (1e4) averaged across N-inputs for 10 yrs of production at University of
Tennessee Research and Education Center (REC) locations (adopted from Mooney
et al. (2009), at producer farms in conjunction with the University of Tennessee
A.J. Ashworth et al. / Journal of Cleaner Production 87 (2015) 227e234230switchgrass yield data for 2008, 2009, and 2010 (Table 1). Means
from this survey established baseline yield and N-fertilization
levels. Because some inputs (e.g., herbicide) decrease after peren-
nial stand establishment, and yields increase, data were weight-
averaged across surveyed farms to make up a ten-year life cycle
period (assumed stand rotation). Switchgrass cv. ‘Alamo’ seeding
rate (only for yr-1) was 7.8 kg pure live seed (PLS) ha1. Per stan-
dard production protocols, no fertilization occurred during year
one, as perennial bunchgrasses are establishing during this time
and fertilization promotes weed growth and interspeciﬁc compe-
tition. Therefore, 2008 [stand establishment] data were weighted
once, 2009 once and 2010 eight times because switchgrass yields
reach an asymptote in year three, (attaining only 33e66% of its
maximum yield potential in years one and two, respectively), with
very little yield variation thereafter due to physiological maturity
(McLaughlin et al., 2002; Mooney et al., 2009).
Farmer-derived agricultural input survey data (Table 1) for the
inventory (LCI) collection was modeled with SimaPro LCA software
(7th edition), which calculated the overall cradle-to-gate emissions
associated with production processes (Fig. 1), by using a network of
related inventories associated with regional inputs (Reed, 2012).
Input data used in this study represent a ‘moderate’ scenario and
are consistent with other energy consumption values for switch-
grass biomass production (EUBIA, 2007; Pimentel and Patzek,
2005), and were collected in accordance with the Consortium for
Research on Renewable Industrial Materials (CORRIM) research
guidelines for life cycle inventories (CORRIM, 2001). Surveyed
agricultural inputs included fertilizer e.g., N [urea (CH4N2O)],
phosphorus [triple superphosphate (CaH4P2O8) (P)] and potassium
[muriate of potash (KCl) (K)], diesel fuel, herbicide, surfactant, seed,
and machinery for transportation and application of the afore-
mentioned inputs. Other upstream processes in the reference sys-
tem not explicitly examined in this research (e.g., equipment-use
hours, electricity, diesel, and production of fertilizer, seed, herbi-
cide, and surfactant, as well as GHG emissions emitted during these
processes) were taken from the US LCI Database in SimaPro (Pre
Consultants SimaPro, 2012; USDA, 2013). Producer yields were
determined by bioreﬁnery managers and University personnel, as
switchgrass producers were paid on a per-tonne basis.
2.2. Switchgrass feedstock production under nitrogen input
sensitivities
Because of the direct and indirect effects on the environment
associated with fertilizing, sensitivity analyses were conducted to
quantify the resulting environmental impacts at various inputTable 1
Cradle-to-(farm) gate life cycle inventory inputs per year per tonne of dry matter of
switchgrass in the southeast. Input values are averaged over a 10-year production
cycle (adopted from (Reed et al. (2012)).
Inputs Units Average valuea Coefﬁcient of
variationb
Diesel (tractor use) L 3.98 46%
Nitrogen (fertilizer) kg 4.77 84%
Phosphorous (fertilizer) kg 0.49 224%
2, 4-D (pesticide) L 0.05 219%
Glyphosate (herbicide) L 0.05 213%
Surfactant L 0.03 332%
Seedc kg 0.56 n/a
a Average value is the weighted average over a 10-year switchgrass stand rota-
tion, where inputs and yields are assumed to be constant in years 3e10.
b Coefﬁcient of variation is standard deviation/average of the reported data,
without any weighting for stand age.
c Seed input values were not reported by farmers, however, a 7.84 kg ha1 PLS
rate was assumed once over a 10-yr life cycle.levels based on a replicated, 8-yr small plot study on switchgrass N-
input response data [e.g., a range of levels from low to a maximum
deemed high enough to have surpassed switchgrass yield
response; input values are considered typical nutrient response
levels for this species (McLaughlin et al., 2002)]. Switchgrass cv.
‘Alamo’ nutrient response data used in the inventory analysis
(objective ii) were collected by Mooney et al. (2009) at four
different ﬁeld sites at the University of Tennessee Research and
Education Center at Milan (RECM; Table 2) for an 8-yr period (i.e.
2004e2011). The four sites were chosen to represent a range of soil
types and landscape positions including two Grenada silt loam sites
(well drained, level upland), a Vicksburg silt loam (a well-to
moderately well-drained ﬂood plain), and a Collins silt loam (a
moderately-to somewhat poorly drained eroded sloping upland)
(Mooney et al., 2009). Biomass yield data were collected from each
site each year following the ﬁrst-killing frost and weighted as
described for objective i. In order to compile a 10-yr simulation
period, yield data were averaged from 2006 to 2011 to make up the
ﬁnal 2 life-cycle years. No fertilizer was applied to any treatments at
any site during yr-1 (e.g. establishment year). Starting in yr-2 the
annual fertilizer treatments (yr-2 e yr-10) in this study were
0 (Sensitivity #1), 67 (Sensitivity #2; 60.5 kg N ha1 yr1 avg. over
10 yr; Table 2), 134 (Sensitivity #3; 121 kg N ha1 yr1 avg. over
10 yr), and 202 kg N ha1 (Sensitivity #4; 181.5 kg N ha1 yr1 avg.
over 10 yr) in the form of urea. From the results of this study, UT
formulated the recommended rate of 67 kg N ha1 yr1 for
switchgrass biomass production in Tennessee. Irrigation was not
utilized in any ﬁeld experiment and therefore, not included in any
of the models, consequently data may not represent yield during
years with extreme rainfall. Given the C4 photosynthetic pathway
of this species, it is highly drought tolerant and therefore, irrigation
is not needed for this crop in this region. In-ﬁeld input data pooled
and averaged from the 12 UTBI switchgrass farmer respondents (as
described in Section 2.1, or 66.6 kg ha1 averaged over a 10-yr
production cycle; Table 2) served as the moderate-N or baseline
scenario. Minimal yield ﬂuctuation (±10%) occurred within each
sensitivity model. Each sensitivity data set (8-yr yield data) was
averaged per input level (Sensitivity #1e4). Life cycle simulations
for the sensitivity analysis based on the aforementioned agricul-
tural input/output data were run separately and compared toBiofuels Initiative (UTBI; Reed et al. (2012)) consisting of the baseline scenario, and
REC centers for the legume intercropping scenario (Ashworth et al., 2012; Warwick,
2011).
Scenario N-input Relative to
baseline
Yield Data
source
——kg ha1—— ——Mg ha1——
Sensitivitya# 1 0 100% 5.68 ± 1.9 REC
Sensitivity# 2 60.5 9% 8.43 ± 2.6 REC
Sensitivity# 3 121.0 þ81% 9.18 ± 2.9 REC
Sensitivity# 4 181.5 þ172% 9.83 ± 3.1 REC
Baseline level 66.6 0% 6.98 ± 2.9 UTBI
Legume intercroppingb 0 100% 6.98 ± 2.9 REC
a Nitrogen input scenario sensitivities 1, 2, 3 and 4 (or 0, 67, 134, and
202 kg N ha1, respectively, with 0 fertilizer in yr-1 for all scenarios) and baseline N-
levels weight-averaged over 10 years of production (yr-1 received 0 kg ha1 N for all
sensitivity scenarios) and divided by yield data for 10-yrs in order for functional unit
standardization.
b Legume intercropping scenario assumed: a 0 kg N ha1 rate during the life cycle,
yield was consistent with baseline results, seeding occurred every four years (2.5
times during a 10-yr life cycle) at 13.4 kg ha1 PLS, and diesel inputs per planting
period.
Fig. 2. Impact categories and their relative impact proportion per Mg of harvestable
biomass based on system inputs for baseline production (UTBI switchgrass farmers,
over a 10 yr simulation period).
Fig. 3. Impact categories and their relative impact proportion for nitrogen input
sensitivities 1, 2, 3 and 4 (or 0, 67, 134, and 201 kg N ha1, respectively), legume
intercrop, and baseline production scenarios from farmers with the University of
Tennessee Biofuels Initiative (based on 10 yr simulation period and per Mg of
harvestable biomass). A negative relative impact indicates a positive impact.
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per year after the establishment year or 60.5 kg N ha1 avg. for the
complete 10-yr life cycle) yielded 1.45 Mg ha1 more dry matter
compared to baseline results (66.6 kg N ha1) likely due to
robustness of data across climatic and phenotypic variation (i.e., 3
versus 8 data collection years). This default N-level used under
objective i. was then compared to N-input sensitivities 1e4 i.e., a
100% and 9% decrease, and an 81% and 172% increase in order to
monitor environmental impacts of agronomic inputs on a regional
switchgrass biomass production basis.
2.3. Environmental assessment of switchgrass-legume
intercropping scenario
Due to interest in N-input alternatives, a third scenario, or
legume-intercropping was included. For the legume [i.e., red clover
(Trifolium pratense)] intercrop system, several assumptions were
made based on measured regional in-ﬁeld data (Ashworth et al.,
2012; Warwick, 2011). For example, based on local ﬁeld studies
by authors, every four years post-establishment, red clover requires
re-seeding due to lack of persistence, and density being below
proper levels (<4 plants per m2; Warwick, 2011) for targeted N
ﬁxation (67 kg N ha1; biological nitrogen ﬁxation determined via
the 15-N enrichment method, data not shown). Consequently, for a
10-year simulation period, legume planting would occur two and a
half times. Further, based on red clover-switchgrass intercropping
studies, at proper legume densities switchgrass biomass yield does
not vary from the 67 kg N ha1 application (Ashworth et al., 2012).
Consequently, the legume simulation assumed yield did not differ
from the baseline scenario (objective i) when red clover was seeded
at 13.4 kg ha1 PLS. As such, input assumptions were as follows:
legume seed and diesel for a single planting weremultiplied by 2.5;
a 0% yield reduction compared to LCA in objective i; a 13.4 kg ha1
PLS legume seeding rate; same P inputs were required under
objective i; and, 0 kg N ha1 were needed over the entire simulation
period (Ashworth et al., 2012). Other published clover inventory
data with the SimaPro database (i.e. Ecoinvent v2.0; Jungbluth
et al., 2007) were used for the upstream simulation of legume
cropping systems under objective iii.
3. Results and discussion
Figures illustrating the contributions to the total environmental
impact per unit of production (Figs. 2 and 3) show the relative
contribution rather than the importance of impacts [i.e. a small
input can make a large contribution to a category that has a low
total impact (such as grass seed input impacts for ozone deple-
tion)]. The following ﬁgures show contribution analyses for the
cradle-to-grave impacts of each system and have not been exter-
nally normalized (importance of impact category relative to
external reference).
3.1. Environmental assessment of regional baseline switchgrass
production
Greater than 50% of the total impact of inputs on regional
agricultural switchgrass production inputs came from N and P
fertilizer, diesel fuel, and glyphosate herbicide (Fig. 2). Of those
inputs, nitrogen created the greatest deleterious impact on regional
switchgrass production when compared across all impact cate-
gories, particularly respiratory effects, acidiﬁcation, and global
warming. This is largely due to the upstream manufacture of syn-
thetic nitrogen fertilizer (i.e., Haber-Bosh) being energy-intensive,
as breaking the trivalent bond of nitrogen (N≡N) requires high
pressure (100e200 atm), temperature (400e500 C), and energy(8000 kcal kg1 N) (USDA, 2008). In this process, nitrogen gas is
combined with hydrogen to form ammonia (NH3), and hydrogen in
this reaction primarily comes from natural gas, one of the largest
fuel inputs during this process. Current ammonia and urea pro-
duction requires approximately 35 and 38 GJ per metric ton of N,
respectively, in modern nitrogen plants (USDA, 2008). In addition, P
and N inputs greatly inﬂuenced the eutrophication impact category
(Fig. 2) by accelerating algal and aquatic weed growth and subse-
quent O2 limitations due to their decomposition, as P and N-limited
aquatic systems respond strongly to minor nutrient increases. Such
impacts from fertilization have been observed by others that have
assessed environmental impacts from farmer-level inventories
(Bojaca et al., 2014). Additionally, diesel inputs into switchgrass
systems impacted POCP and ecotoxicity (approximately 50% of total
impact per impact category) due to emission release to the air,
water, and soil. Glyphosate production and utilization greatly
impacted ozone depletion (i.e. 47% of total impact). Upstream
processing and on farm utilization of both 2, 4-D and surfactant
contributed less than 2.6 and 0.5% across all mid-point categories
surveyed per unit of production, respectively. Production processes
Fig. 4. Impact categories and their relative proportion of impact per Mg of harvestable
biomass based on system inputs for legume-intercropping in switchgrass feedstock
production systems in the Southeast U.S. (over a 10-yr simulation period). Seed inputs
include both grass seed and legume seed.
Fig. 5. Global warming potential (kg CO2-equivalents) of switchgrass production over
a range of input levels (0, 67, 134, and 202 kg N ha1, Sensitivity #1e4, respectively),
regional production from area growers, and a legume-intercropping scenario [inter-
nally normalized (divided by largest GWP score for all scenarios) and over a 10-yr
simulation period and per Mg of harvestable biomass].
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diesel for harvesting, planting, and transport) resulted in ca. 20% of
total ozone depletion relative to other inputs (Fig. 2).
3.2. Switchgrass feedstock production compared under nitrogen
input sensitivities
Relative environmental impacts from N-input sensitivities
compared to the UTBI Farmers (i.e. internally normalized to the
baseline scenario) indicate multiple trade-offs on total cradle-to-
farm gate impact categories (Fig. 3). In the ﬁgure, the various sen-
sitivities were internally normalized (i.e. impacts for each sensi-
tivity are expressed as a percentage of the highest-impact
sensitivity).
Sensitivity #4 or the 181 kg N ha1 rate (172% N increase relative
to baseline level) resulted in the greatest (55% greater impacts
relative to baseline scenario) acidiﬁcation, carcinogenic, and
eutrophication effects on a per-tonne basis, followed by Sensitivity
#3 compared across all N-input levels relative to the baseline sce-
nario (Table 2). Eutrophication reductions from the zero fertiliza-
tion rate, compared to fertilized scenarios was also observed in
previous studies (B€orjesson and Tufvesson, 2011). As was expected
based on the relative large impact of N fertilizer, Sensitivity analysis
#1 (or a 100% decrease from baseline levels of 67 kg N ha1)
resulted in lowering the impacts across all categories relative to
baseline except ecotoxicity, ozone depletion, and slightly positive
impacts for smog production (þ1.8 kg NOx-eq.) and non carcino-
genics (þ0.8 kg toluene-eq.); thus indicating N inputs result in
greater yields (up to a point) but with disproportionate increases in
environmental impacts. Consequently, inputs beyond the
67 kg N ha1 level (Sensitivity #2), and perhaps even the
0 kg N ha1 level (Sensitivity #1) may result in diminishing returns
in terms of yield response and deleterious environmental impacts.
Therefore, the current recommended rate of 67 kg N ha1 is
corroborated by environmental and agronomic efﬁciencies.
3.3. Environmental assessment of switchgrass-legume
intercropping for nitrogen displacement
Results for the legume-intercropping life cycle assessment
indicate a substantial portion of environmental disturbance from
diesel fuel, phosphorus, and seed inputs on impact categories
tested (Fig. 4). Namely, diesel inputs resulted in greater than 50% of
the total impacts for acidiﬁcation, non-carcinogenics, ecotoxicity,
and smog; whereas under the baseline scenario, diesel was 20e51%
less of a total constituent for the aforementioned mid-point cate-
gories, due to fossil-N contributing a greater portion of the total
impact. Additional midpoint categories such as ozone depletion
and GWP were affected by upstream seed inputs (approximately
60% and 42% of total impact, respectively). One likely explanation
for seed input impacts were the inoculant coating and pre-
treatment of legume seeds with water adsorbing polymers and
limestone or rock phosphate that combat unfavorable soil and
ambient conditions. Phosphorus inputs resulted in the greatest
eutrophication constituent, likely due to P-limited algal systems
and the resulting impacts of algal bloom proliferation under minor
P increases, albeit phosphorus is not an overall large contribution in
other impact categories and production systems at-large. Herbi-
cide-related inputs (e.g., 2, 4-D, glyphosate, and surfactant) resulted
in minor constituents [14%) excluding glyphosate for ozone
depletion (i.e. 35%)] of total impact for legume-intercropping sys-
tems (Fig. 4). Herbicide inputs for the legume intercropping simu-
lation differed slightly compared to baseline results, as ozone
depletion impacts from glyphosate decreased due to greater
legume seed proportional impacts; whereas, impacts fromglyphosate were less for ecotoxicity due to greater diesel fuel re-
quirements for legume planting. Also, relative to farmers with the
UTBI, legume-intercropping resulted in favorable impacts on acid-
iﬁcation, carcinogens, and eutrophication, due to fewer N inputs
and therefore less oxide of nitrogen emissions. However, non-
carcinogens, respiratory effects, ozone depletion, ecotoxicity, and
smog were greater under this system, likely because of greater
diesel (upstream and downstream impacts) and legume seed (red
clover) preparation and processing (mainly upstream impacts)
during the 10-yr life cycle.3.4. Climate forcing from regional baseline, nitrogen input, and
switchgrass-legume intercropping scenarios
Global warming potential (kg CO2-eq) is among the most widely
studied categories due to interest in climate change, renewable
fuels, carbon credits and carbon sequestration. A 0 kg ha1 of N
(Sensitivity #1) rate over the 10-yr life cycle resulted in the least
production of greenhouse gas emissions on a per-tonnage biomass
basis over its life cycle compared across all analyzed scenarios
(Fig. 5). Sensitivity #3 (or an 81% increase in N-inputs) resulted in
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greatly increased from the additional N (Fig. 5). Even though
increasing fertilization generally increases crop production up to a
point, the greatest N-rate input level (Sensitivity #4; or a 172% in-
crease from baseline levels) had the highest formation of carbon,
methane, and nitrous oxide on a per-tonne basis. Further, break-
down of synthetic-N in soils involves formation of N2O and
consequently, this input level resulted in the greatest GWP (e.g. a 39
fold increase in N2O from sensitivity #1 to sensitivity #4). Secondly,
the legume-intercropping simulation resulted in fewer
stratosphere-warming gases, albeit only slightly less than the
Sensitivity #2 (or the current recommended N-rate for Tennessee),
because the legume-intercropping resulted in a substantial portion
of CO2-equivalents from diesel fuel, P, and seed inputs. Further,
diesel emissions (during planting and harvesting processes) and
legume seed (including coating) was a major carbon-source for the
legume-intercropping scenario compared to baseline results.
Therefore, based on results, lower input levels resulted in a more
carbon-neutral end-product on a per-tonne biomass basis.
Since nitrogen dioxide formation impacts the greenhouse effect
and the formation of Hþ ions, results from the GWP and aquatic
acidiﬁcation potential followed similar trends (data not shown).
Formations of acidiﬁcation species (i.e., sulfur and nitrogen oxides,
hydrochloric and hydroﬂuoric acid, and ammonia) were greatest
for the 202 kg N ha1 rate. Conversely, the zero and current rec-
ommended nitrogen input rate had reduced acidiﬁcation of
groundwater potential on a per-tonnage basis. Furthermore, the
legume-intercrop system caused less acid deposition than the UTBI
simulation and the current recommended N rate (reductions of 54%
and 27%, respectively).
4. Conclusions
The need for improved biofuel crop yields on a dwindling
landmass due to population pressures has created conﬂicting so-
lutions for environmental sustainability, considering nitrogen
fertilization promotes enhanced biomass production, but is a
carbon-positive input. Therefore the environmental sustainability
of raw feedstock production is contingent upon agricultural pro-
duction practices, and reducing the conventional reliance on fossil
fuels in these systems can corroborate cleaner production. Envi-
ronmental consequences still exist for switchgrass production, but
could be augmented with management practices that sustain crop
yields (e.g. sustainable nutrient management and legume inter-
cropping), thus increasing greenhouse gas savings.
When compared across all inputs, the fossil-carbon-intensive
process of producing nitrogen fertilizers resulted in the greatest
deleterious impacts on all regional switchgrass production sce-
narios, resulting in greater respiratory effects, acidiﬁcation, and
global warming potential. This is due to the energy-intensive in-
dustrial N2 ﬁxation process. Across all midpoint categories, there
was a positive feedback when external inputs were reduced on a
per-unit of biomass production basis. However there are still
environmental consequences associated with low input
(67 kg N ha1) switchgrass production systems, albeit likely still
fewer consequences than ﬁrst-generation feedstocks such as corn
(which requires upwards of 168e250 kg N ha1) for ethanol pro-
duction (Kendall and Yuan, 2013), or fossil fuels such as diesel or
gasoline (Bai et al., 2010). Consequently, there are potentially sig-
niﬁcant beneﬁts offered by using switchgrass (with either the
current recommended inorganic-N level, or legume intercropping
nutrient regimes) as a bio-feedstock, particularly in terms of GHG
emissions. However, these beneﬁts may be offset by impacts in
other categories such as respiratory effects, ecotoxicity, and
photochemical creation, which have also been observed in otherassessments (Cherubini and Jungmeier, 2010). Consequently,
management precision of switchgrass and other lignocellulosic
crops requires consideration, and reduction of agricultural inputs
could be pathways for advanced environmental impact reduction.
Moreover, life cycle assessments of additional second-generation
feedstocks are needed at the farm-scale to target biofuel crops
with enhanced environmental performance in efforts to reduce the
reliance on fossil fuel derived agricultural inputs.
Awareness of trade-offs, the diversity of cultural and processing
practices, and sensitivities and assumptions are important in LCA
models, and should be considered by policy makers. When
compared across all N-input sensitivity scenarios, increasing
fertilization in switchgrass feedstock production systems was less
benign to human and environmental health on a per-tonne of
feedstock production basis. Sensitivity #1 (no N fertilization)
resulted in the lowest negative impacts across all categories, indi-
cating that ‘less is more’ in terms of the environmental sustain-
ability of switchgrass as a biofuel feedstock. However this was
affected by switchgrass' minimal N-response beyond a modest
threshold. Despite this result, Sensitivity #1 input level is not rec-
ommended due to the potential for long-term soil-nutrient
depletion, likely resulting in reduced soil fertility and even yield
loss over-time (>10 yrs or beyond the life cycle scope of this study).
Based on inventoried ﬁeld data, plant productivity began to reach a
plateau (beyond Sensitivity #2) indicating increases in fertilizer
inputs are not economically remunerating beyond the 67 kg N ha1
nutrient input level for plant response (Mooney et al., 2009). This
suggests a point of diminishing returns beyond this rate in terms of
switchgrass N response and subsequent environmental impacts.
Therefore, from an environmental and plant performance stand-
point, sustainability of switchgrass feedstock production can be
improved under proper N-management (i.e., 67 kg N ha1; cur-
rent recommended rate) or legume intercropping (lower potential
GWP, carcinogenics, eutrophication, and acidiﬁcation) at the farm-
gate level. However economic assessments of legume intercropping
to determine breakeven points of this management practices are
needed for switchgrass biofuel cropping systems to ascertain eco-
nomic feasibility.
Data from this study can be included in regional databases for
others interested in conducting LCAs, net energy ratios, ormodeling
feedstock systems. Producer surveys may allow for greater data
representation and resolution of systems being modeled, however,
there may be a tradeoff with lower sample sizes and lack of preci-
sion, as well as the inference space in which results may apply.
Consequently, both wide-scale and localized environmental as-
sessments of second-generation feedstocks are imperative going
forward. Results herein provide regional guidelines for producing
feedstocks sustainably, and may be used to identify potential im-
provements for production efﬁciency. Such data are needed to
substantiate the claim that cellulosic-feedstock production systems
are low-input and therefore environmentally sustainable.
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